Nanofluids are suspensions of nanoparticles in base fluids, a new challenge for thermal sciences provided by nanotechnology. Nanofluids have unique features different from conventional solid-liquid mixtures in which mm or µm sized particles of metals and non-metals are dispersed. Due to their excellent characteristics, nanofluids find wide applications in enhancing heat transfer. Research work on the concept, heat transfer enhancement mechanism, and application of the nanofluids is still in its primary stage. This study provides a review of research in this field with focus on thermal conductivity studies of nanofluids.
INTRODUCTION
The concept of nanofluid is not new as in 1857 Michael Faraday first reported the study on the synthesis and colours of colloidal gold, but it was possible to put it into practice only after the tremendous development of nanotechnologies during the last decade 1 . The mixture of suspended nanoparticles in a base liquid is usually referred to as a nanofluid. Nature is full of nanofluids, like blood, a complex biological nanofluid where different nanoparticles (at molecular level) accomplish different functions, and functional components actively respond to their local environment. According to the types of liquids (organic and inorganic) and kinds of nanoparticles, one can get different types of nanofluids like process extraction nanofluids, environmental (pollution-controlling nanofluids), bio-, and pharmaceutical nanofluids. A new class of polymer nanofluids, drag-reducing nanofluids, aim at enhanced heat transfer, as well as, flow friction reduction. A wide range of active self-assembly mechanisms for nanoscale structures start from a suspension of nanoparticles in fluid. Addition of nanoparticles in liquid remarkably enhances energy transport process of the base liquid 2 . Modern nanotechnology allows one to process and produce materials with average crystallite size <50 nm. Nanofluid have some unique features that are quite different from conventional two-phase flow mixtures in which mm and/or mm particles are suspended. Pioneer works of Choi 1 introduced the thermal conductivity enhancement of nanofluids to the scientific community. Choi 1 made the first measurement of thermal conductivity of nanofluid. Since then, a large number of experimental and theoretical studies have been carried out by numerous researchers [6] [7] [8] [9] [10] [11] . Compared to a conventional liquid and conventional two-phase mixture, the nanofluid has higher thermal conductivity, does not block flow channels, and induces a very small pressure drop. Solid particles are added as they conduct heat much better than a liquid. In addition, nanoparticles resist sedimentation, as compared to larger particles, due to Brownian motion and interparticle forces and possess much higher surface area (1,000-time) which enhances the heat conduction of nanofluids since heat transfer occurs on the surface of the fluid. Three properties that make nanofluids promising coolants are:(i) increased thermal conductivity,(ii) increased single-phase heat transfer, and (iii) increased critical heat flux. Research has shown that relatively small amounts of nanoparticles, of the order of 5 Vol.per cent or less, can enhance thermal conductivity of the base fluid to a large extent. Therefore, exploiting the unique characteristics of nanoparticles, nanofluids are created with two features very important for heat transfer systems:(i) extreme stability, and (ii) ultra-high thermal conductivity. This new class of heat transfer fluids has shown several distinct properties with large enhancements in thermal conductivity as compared to the base liquid 12 , temperature and particle size dependence 13, 14 , reduced friction coefficient 15 , and significant increase in critical heat flux 16 .
SYNTHESIS OF NANOFLUIDS
Choi 1 , et al. first prepared nanofluids by mixing nano particles with fluids. Since then, there has been rapid development in the systhesis techniques for nanofluids. However, there is not yet a standard preparation method for nanofluids. Different studies prepared nanofluids using different approaches. There are two fundamental methods to obtain nanofluids: (a) two-step process 17 in which nanoparticles are first produced as a dry powder, typically by an inert gas. The resulting nanoparticles are then dispersed into a fluid. This method may result in a large degree of REVIEW PAPER nanoparticle agglomeration.(b) chemical approach 18, 19 using wet technology, a single-step approach, is emerging as a powerful method for growing nanostructures of different metals, semiconductors, non-metals, and hybrid systems. Advantages offered by nanochemistry are that surfacefunctionised nanoparticles and nanorods of metals or inorganic semiconductors, dispersible in wide variety of media such as water, can be readily prepared with precise control to produce monodispersed nanostructures 20 . Moreover, nanofluids made using this method showed higher conductivity enhancement than the ones made using 2-step method. Furthermore, the base fluids contain other ions and reaction products that are difficult or impossible to separate from the fluids.Using either of these two approaches, nanoparticles are inherently produced from processes that involve reduction reactions or ion exchange.
Laser ablation is another much sought, single-step technique that simultaneously makes and disperses nanoparticles directly in the base fluids. A variety of nanofluids have been prepared by laser ablation method [21] [22] [23] [24] by ablating solid metals, semiconductors, etc which are submerged in the base fluid (water, lubrication oils, etc). By creating a nanofluid in this way, stable nanofluids resulted without using any property-changing dispersants. This method is also useful for further splitting of nanoparticles present in the nanofluids to study effect of particle size on thermal conductivity. Another one step approach adopted for nanofluids synthesis is based on microwave irradiation 25 , and is a quick method of nanofluid systehesis. Submerged arc nano sysnthesis system(SANSS) is also used for preparing nanofluids 20, 26 . A common difficulty encountered in nanofluid manufacture is nanoparticles tendency to agglomerate into larger particles, which limits the benefits of the high surface area nanoparticles. To counter this tendency, particle dispersion additives are often added to the base fluid with the nanoparticles. Unfortunately, this practice can change the surface properties of the particles, and nanofluids prepared in this way may contain unacceptable levels of impurities.
PARTICLE SIZE CHARACTERISATION
Imaging analysis of nanofluids is done using electron microscope (SEM/TEM, TEM being preferred over SEM for nanofluids) and most of the reported studies makes use of TEM for characterising nanofluids. Cryogenic transmission electron microscopy might provide a powerful characterisation method, but few laboratories are equipped to apply this technique. Sanning probe microsopy (SPM) has not found much use for characterising nanofluids. A simplistic approach makes use of particle size analyzer based on dynamic light scattering (DLS). Researchers have used DLS systems for particle size distribution to augment the results with TEM as main characterisation tool. Another valuable characterisation tool for the structure of suspensions at nanoscale is the small angle x-ray scattering (SAXS) and small angle neutron scattering (SANS) 27, 28 . Under the approximation of a relatively monodisperse suspension, the scattering cross section can be related to the product of the particle form factor, which is determined by the shape of the particle, and the structure factor for correlations between different particles. A number of properties of the suspensions such as average particle size, gross characteristics of shape (e.g. round, or oblong, ratio of surface area to volume, thickness of the core and the shells of the particles), the poly dispersity and the extent to which particles remain isolated or have agglomerated can be obtained fairly easily.
THERMAL CHARACTERISATION OF
NANOFLUIDS Choi 1 established the field of nanofluids 1 in 1995, and in 2001 measured thermal conductivity enhancement of 160 per cent for MWCNT's dispersed in poly (a-olefin) oil. Several groups have measured thermal conductivities far in excess to those predicted by the Maxwell model, while it has been hypothesised that small particle size, and hence large surface area is important. Research conducted on copper oxide nanoparticles by two different groups reported that the nanofluid containing larger particles exhibited higher thermal conductivity. Das 10 et al. reported that nanofluids exhibit a strong dependence on temperature, with a correlation between higher conductivities and higher temperatures. The uniqueness of nanoparticles and nanofluids is that no current model, applicable to larger particles, can estimate the enhancement of nanoparticles because of the breakdown at continuum at the nano size.
Measurement of Thermal Conductivity of Nanofluids
There are steady state and transient methods for the measurement of thermal properties. Although steady-state methods are simple theoretically, these involve rather elaborate technique practically, including thermal guard to eliminate lateral heat flow and electronic control system to enable stable condition during the test. Transient methods provide fast measurement and reduce unwanted modes of heat transfer. Most thermal property measurements of nanofluids have been done using transient method of measurement. The measurement of thermal diffusivity and thermal conductivity is based on the energy equation for conduction. The thermal conductivity of nanofluid has been measured using the transient hot-wire method where the temperature increase of the platinum wire (referred as hot-wire) is related to the thermal conductivity K eff of the fluid 29 , widely employed to measure thermal conductivity of nanofluids [30] [31] . Modified form of hot wire method referred as transient thermal probe method 32, 33 is being used by the author to measure the thermal conductivity of nanofluids. Zhang 34 Table 1 .
Recently scanning thermal conductivity microscope (trade name Scanning Thermal Microscopy SThM) has been developed 37 to meet the need for thermally imaging devices and nanostructures. It aimed to directly measure thermal conductivity of microscopic structures and features such as fibres, fibre coatings, grain boundaries, grains and intergranular phases. While the spatial resolution of other thermometry techniques based on far-field optics are diffractionlimited to the order of several microns, spatial resolution of 50 nm has been demonstrated for SThM . SThM operates by raster scanning having a sharp temperature sensing tip on a solid surface. The temperature-sensing tip is usually mounted on a micro cantilever of an atomic force microscope (AFM) probe so that tip-sample constant contact force is maintained by the force feedback loop of the AFM. While the tip scans a sample, tip-sample heat transfer changes the tip temperature, which is measured and used to calculate the temperature or thermal properties of the sample at the tip-sample contact. This information in combination with probe position is used to construct a digital gray scale image of the surface with sub-micron resolution. SThM has been used to locate hot spots in electronic devices and to image contrast in thermal properties of composite thin film materials.
Theoretical Models
Increase in thermal conductivity depends on nanoparticle material, size and concentration. Nanoparticles have a large surface area-to-volume ratio; a 1 nm spherical particle has a surface area-to-volume ratio 1000 time greater than that of a 1 µm particle; Kapitza resistance becomes important for such large surface areas. Increase in thermal conductivity is beyond the classic Maxwellian model predictions. Literature survey reveals that there are large number of models for estimating thermal conductivity of nanofluids. The existing models can be categorised into two general groups:(i) Static models which assume stationary nanoparticles in the base fluid in which the thermal conductivity is predicted by conduction-based models such as Maxwell 45 , HamiltonCrosser 46 , and others 47, 48 , using conductivity of phase constituents and volume fractions, (ii)Dynamic models 49, 50 Base fluid with conductivity Nano particles, average diameter and concentration Table 1 . Nanofluids with their thermal conductivity, increase in nanofluid thermal conductivity over base fluid thermal conductivity and synthesis procedure used as reported in the literature based on random motion of the nanoparticles in fluid (Brownian motion) and responsible for transporting energy through collision between nanoparticles or micro liquid convection, mixing that enhances the transport of thermal energy. Modelling of nanofluid properties has been done through molecular diffusion simulation. Some of the basic models used to estimate the thermal conductivity based on above two approaches are shown in Table 2 .
Method
Heat transfer coefficient increase are on top of the thermal conductivity. Possible mechanisms considered for this increase are nanoparticle diffusion and boundary layer thinning, dispersion and enhanced turbulence. Increase in critical heat flux may be attributed to alteration of nucleation site by nanoparticle.
DISCUSSION
There has been vast interest about using nanofluids to meet new challenges in cooling and thermal management. Some of the literature reported results for various nanofluids with their thermal conductivity along with increase in nanofluid thermal conductivity over base fluid thermal conductivity and synthesis procedure used, have been shown in Table 1 10 et al. measured the conductivities of alumina and cupric oxide (in water) for different temperatures ranging from 20 ºC to 50 ºC for different loading conditions. They observed a linear increase in the conductivity ratio with temperature, however, for the same loading fraction, the rate of increase was higher for cupric oxide than for alumina. Patel 43 et al. have shown that even with the same surface-to-volume ratio, one can get different conductivities with different materials . This indicates that the quantum nature of transport phenomenon is significant. Similar trends have been seen with gold particles (4 nm) in toluene. At higher particle volume fraction, the conductivity enhancement varied more like temperature. Incidentally, an astonishing 11 per cent increase has been reported for almost vanishing concentration of 0.008 per cent for gold nanoparticles with thiolate covering.
These discussions highlight the complexity of the transport mechanism involved in nano dispersions. Choi 44 et al. tested a carbon nanotube-in-oil nanofluid and reported a dramatic enhancement in the effective thermal conductivity of the nanofluid (factor of 2.5 at a volume fraction of 1 per cent). Chopkar 
Davis model [47] ( (1 2 ) 2) 2 ( (1 ) 1) ( (1 2 ) 2) ( (1 ) 1)
Where â=R k K m /R 2 and R k Kapitza resistance [48] 2
(1 ) Table 2 . Basic thermal conductivity models, where K eff is the effective thermal conductivity of solidfluid mixture, a = K 2 /K m , K m and K 2 are the thermal conductivities of base fluid and particle, respectively, n and u are the particle shape factor and volume fraction, respectively; h is heat transfer coefficient, d T is thickness of layer the increase, i.e., Brownian motion of particles, molecular level layering of the liquid at liquid-particle interface, nature of heat transport in nanoparticles and effect of nanoparticle clustering. Particle aggregation and the formation of extended structures of linked nanoparticles may be responsible for much of the disagreement between experimental results and the predictions of effective medium theory. Simultaneous studies of thermal conductivity and viscosity may give additional insight into enhanced heat transfer. Surface modification or functionalisation may also lead to stronger thermal conductivity enhancements. Key factors in understanding thermal properties of nanofluids are the ballistic nature of heat transport in the nanoparticles combined with direct or fluid mediated clustering effect that provide paths for rapid heat transport. Theoretical work, in the absence of a reliable experimental framework, has resulted in a large number of hypothesis, than systematic experimental results, to prove apparently anomalous phenomenon. Inspite of number of research studies on nanofluids, basic research remains at the initial stage, with results still to be reconfirmed and re-established. The size distribution of nanoparticles and nanoparticle aggregates in the suspensions is rarely reported. This lack of data can be attributed to the difficulty in properly characterising high-concentration suspensions of nanoparticles.
APPLICATIONS OF NANOFLUIDS
Very high thermal conductivity and extreme stability have always been desired for heat transfer fluids with particles. Fluids having this important combination of features did not exist till the advent of nanofluids. Nanofluid technology could make the process more energy efficient and costeffective.These nanofluids could be used in a wide range of industrial applications. Demand for ultra-high-performance cooling in electronics has been increasing, and conventional enhanced surface techniques have reached their limit with regard to improving heat transfer. Since nanoparticles are relatively much smaller than the diameter of microchannel flow passages, smooth-flowing nanofluids could provide the solution. Since nanofluids can flow in microchannels without clogging, they would be suitable coolants. These could enhance cooling of MEMS under extreme heat flux conditions.
Engine coolants (ethylene glycol/water mixtures), engine oils, automatic transmission fluids, and other synthetic high-temperature heat transfer fluids currently possess inherently poor heat transfer capabilities, they could benefit from the high thermal conductivity offered by nanofluids. Nanofluids could be used as metalworking coolant fluids for grinding and polishing components. Solar energy systems could take advantage of nanofluids to enhance heat transfer from solar collectors to storage tanks. Nanofluids could improve the heat transfer capabilities of current industrial HVAC and refrigeration systems. Many innovative concepts are being considered; one involves the pumping of coolant from one location, where the refrigeration unit is housed to another location. Other potential nuclear applications include lightwater reactor coolants, standby safety system, spent-fuel storage pool, fusion diverters, etc.
Nanofluids could also be designed for properties other than industrial heat transfer. For example, the biomedical field could disperse magnetic nanoparticles into blood, guide these magnetically to a cancerous tumor, and then use a laser or magnetic field that transfers energy to the particles to destroy the tumor without significantly heating the blood or damaging healthy tissue nearby. Targeted local delivery of drugs or radiation would also be possible using magnetically-guided nanoparticles in the bloodstream.
CONCLUSIONS
Most systems/processes whose performance is affected by heat generation could benefit from nanofluid coolants. Nanofluids have great potential for thermal management and control involved in a variety of applications such as electronic cooling, microelectro mechanical systems (MEMS) and spacecraft thermal management. The miniaturisation of mechanical and electrical components creates a need for heat transfer fluids with improved thermal characteristics over those of conventional coolants. The significant growth in performance and functionality of microelectronics combined with a miniaturisation trend in MEMS has resulted in an unprecedented increase in heat loads that presents a great challenge to thermal engineers. Nanofluids have the potential to meet these challenges. It is expected that nanofluids can be utilised in airplanes, cars, micro machines in MEMS, microreactors among others. Nanofluid spreading and adhesion on solid surface can yield materials with desirable structural and optical properties. Similarly, spreading behaviour of nanofluids containing surfactant micells has implications for soil remediation, oily soil removal, lubrication and enhanced soil recovery. Several investigations focused upon the energy transport enhancement inside stationary nanofluids show substantial augmentation of heat transport in the nanofluid consisting of copper or aluminium nanoparticles in water or mineral oils [2] [3] [4] . Such enhancement of energy transport is dependent on component fractions and physical properties of fluid.
Even though a large number of experiments have been conducted for measuring thermal conductivity, only a few were performed for evaluating other transport coefficients such as viscosity which is as critical as thermal conductivity in engineering systems that employ fluid flow. It is evident that the effects of viscosity and thermal conductivity should be considered together.
CURRENT RESEARCH DIRECTIONS AND FUTURE SCOPE
At present, fundamental and quantitative understanding of the thermal conductivity mechanisms in nanofluids is in the initial stage. Thus, current research is focused on theoretical and experimental studies to answer the question, "How does particle size affect thermal conductivity?" Researchers are working to build a structural model that can help explain the thermal conductivity of nanofluids.
In addition to particle size, particle motion induced by stochastic, inter particle, or other forces could be significant at the nanometer scale. Such motions may contribute significantly to energy transport at the nanometer scale. Another major task is analysing the microscopic motions in nanofluids and understanding their contribution to energy transport.
There are many variables involved, including nanoparticle size and shape, nanoparticle and base fluid materials, type and concentration of surfactant, concentration of nanoparticles, dispersion method, etc. There is a need for atomic and microscale-level understanding of heat transfer in nanofluids. It is expected that development of scanning thermal conductivity microscope shall detect differences in thermal conductivity of microscopic structures such as fibres, grains, particles, coatings, and intergranular phases. To accurately interpret a temperature map or a thermal property image obtained by SThM, a thorough understanding of heat transfer mechanisms at the tip-sample contact is required. The knowledge of heat transfer at micro or nanoscale contacts is, however, still limited.
Thermal conductivity has received the most attention, but several groups have recently initiated studies of other heat-transfer properties. Few studies have been conducted on the rheology of nanofluids, even though the viscosity of a nanofluid is as important as thermal conductivity when it comes to practical applications. Previous experimental results are not reproducible by other researchers, posing the question as to why nanofluids behave differently. Little is known about how nanofluids behave over time, at elevated temperatures, or what the ultimate physical limits are. The nanofluids have also shown that they do not follow the Einstein-Batchelor theory and exhibit a significantly rapid increase in viscosity than predicted. In most studies to date, sample sizes have been limited to less than a few hundred milliliter of nanofluid. Larger samples will be needed to test many properties of nanofluids in the future, particularly in assessing their potential for use in various applications. Robust techniques for large-scale production of stable nanofluids are needed. Large increases in the critical heat flux of boiling heat transfer have been reported within the past years, and this phenomenon deserves thorough study. Thermal conductivity is probably not a critical issue for critical heat flux, but the mechanisms that produce the increases in thermal conductivity are unknown at this point of time.
The future research should lead to the development of new experimental methods for characterising and understanding nanofluids in the lab and in nature, as well as to the development of computer-based models of nanofluids and functional, active nanofluid phenomena. This may lead to the development of diverse, complex nanofluids with polymer additives, including biological nanofluids, with potential for existing, new emerging, and critical applications, including energy production and conversion, transportation, environmental control, and cleanup, biomedical applications, directed self-assembly of nanostructures, and related fundamental nanoscale phenomena and processes in functional nanostructures.
A better understanding of the mechanisms behind the thermalconductivity enhancement would likely lead to recommendations for nanofluid design and engineering for industrial applications. On the basis of the promising results to date, nanofluid research could lead to a major breakthrough in solid/liquid composites for numerous engineering applications, such as coolants for automobiles, airconditioning, and supercomputers. The use of nanofluids in a wide variety of applications appears promising. Comprehensive and systematic experimental measurements will characterise heat transfer and flow friction properties on the macroscale, as well as chemistry, structure and dynamics on the nanoscale.
